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The nucleotide sequence of feline panleukopenia virus (FPV) strain 193 was determined and compared with the sequence of canine parvovirus (CPV) strain N and partial sequences of FPV strain Carl and CPV strain b. Base differences were identified at 115 positions in these 5.1 kb genomes and predicted amino acid differences occurred at 40 positions. The two overlapping capsid protein genes contained almost twice as many base differences as the single non-structural protein gene (49 compared to 26) and about the same ratio was calculated for predicted amino acid differences (27 compared to 13). The 27 variant amino acids in the capsid proteins were clustered at three sites in the primary sequence, whereas 10 of the 13 variant amino acids in the non-structural protein occurred in the 130 C-terminal amino acids. The two FPV strains differed consistently from the two CPV strains at 31 bases: 12 base changes in the capsid protein genes resulted in six amino acid changes, six base changes in the nonstructural protein gene resulted in three amino acid changes, and 13 base changes occurred in the noncoding sequence.
Feline panleukopenia virus (FPV) has been endemic in feline populations for at least much of this century whereas canine parvovirus (CPV) emerged suddenly, presumably as a host-range mutant of FPV or a related virus, around 1977 and caused a major pandemic of a highly fatal, hitherto unrecognized disease of dogs. Parvovirus genomes consist of one single-stranded, linear DNA molecule of about 5 kb, with terminal hairpins (Cotmore & Tattersall, 1986; Siegl et al., 1985) . The DNA encodes typically at least one non-structural protein (NS1) and two capsid proteins, VP1 and VP2, a smaller protein (Cotmore et al., 1983; Cotmore & Tattersall, 1986; Paradiso, 1984; Rhode & Paradiso, 1983) . The extent of mutation in the non-structural protein gene(s) of FPV in the evolution to CPV has not been defined at the level of nucleotide sequence.
In this report the nucleotide sequence of FPV strain 193 (FPV. 193) , a 1970 Australian isolate, is presented. Comparison with the complete nucleotide sequence of CPV.N (Reed et al., 1988) and partial sequences of FPV.Carl (Carlson et al., 1985) and CPV.b (Rhode, 1985) enabled identification of consistently variable nucleotide and amino acid residues between strains of FPV and CPV, some of which may have permitted FPV to infect canines as a host-range mutant now called CPV. FPV.193, isolated in 1970 (Studdert & Peterson, 1973 , was passaged and plaque-purified (PP) in a feline embryo (FEmb) cell line (O'Reilly & Whitaker, 1969) . A stock designated FPV. 193 PP passage 18 had a titre of 108.4 p.f.u./ml.
Confluent FEmb monolayer cell cultures (approx. 4 x 107 cells) grown in 150 cm 2 cell culture flasks (Flow Laboratories) were synchronized by incubation in serum-free growth medium at 37 °C for 24 h. Cells were i ' ' ' ?
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ACACCTGAGAGATTTACATATATA~ACATC~GATACAGG~GATATCCAG~GGAGATTGGATTCA~AATATT~CTTT~cCTTCCTGT~CAAATGAT~TGTATTGcTACC~CA 4079 split 1 : 3 in growth medium and dispensed into 150 cm 2 flasks. When the cells had attached to the plastic at approximately 6 h post-seeding, a 5 ml virus inoculum (0.5 ml of virus stock diluted in Eagle's basal medium containing 1 ~ foetal calf serum) per culture flask (m.o.i. approximately 10) was adsorbed to cells for 1 h. Growth medium (45 ml) was added and the cells were incubated for 24 h, when the FPV replicative form (RF) DNA yield was expected to be maximal (Lenghaus et al., 1985) . The DNA was extracted from FPV-infected cells by a variation of the Hirt method (Hirt, 1967) . The monomer RF DNA band was purified from the DNA extract following electrophoresis. Four overlapping RF DNA fragments, containing 97 ~ of the FPV genome, were purified from different restriction digests of a preparation of monomeric FPV RF DNA by electrophoresis onto DEAE-cellulose membranes (NA-45, Schleicher & Schiill). These fragments were eluted in 1 M-NaC1, 20mM-Tris-HCl, 0.1 mM-EDTA pH 8.0 at 65 °C for 1 h and ligated into pUC12 (Fig. 1) . Escherichia coli strain JM107 (Messing, 1983) transformed with recombinant plasmids was selected on minimal agar containing 50 txg/ml ampicillin, 0.1 mg/ml 5-bromo-4-chloro-3-indolyl-fl-D-galactopyranoside and 1 mM-isopropyl-fl-D-thiogalactopyranoside.
Subclones in phage M 13 vectors (Yanisch-Perron et al. 1985) were generated by restriction digestion and shotgun cloning of RF DNA inserts purified from recombinant plasmids (Maniatis et al., 1982) . Fortythree subclones (Fig. 1) and the 17-mer universal primer were used to sequence both strands of the 5 kbp FPV RF DNA by the dideoxynucleotide chain termination method (Sanger et al., 1977) . The computer programs developed by Staden (1982a, b) , arranged into the MELBDBSYS suite by Dr A. Kyne, Walter and Eliza Hall Institute, Melbourne, Australia, were used to manipulate and analyse sequence data.
The nucleotide sequence of the complementary strand of FPV. 193 RF DNA is presented in Fig. 2 . It is 4983 bp from the 3' terminus [map unit (m.u.) The consensus promoter sequence (TATAA) was present at eight sites in the FPV. 193 genome, but only three of these were linked to the two upstream sequences proposed by Bensimhon et al. (1983) to be characteristic of eukaryotic promoters. These sequences were located at 4, 30 and 39 m.u. The FPV. 193 genome has only two copies of the AATAAA sequence which is absolutely required but not sufficient for addition of polyadenylic acid to the 3' ends of eukaryotic mRNAs (Wickens & Stephenson, 1984) . This sequence is located at m.u. 31 and m.u. 94. The poly(A) signal at m.u. 94 is followed immediately by a characteristic stem-loop structure of 23 nt (Fig. 2) .
The amino acid sequences of the three FPV proteins were deduced from the FPV. 193 nucleotide sequence (Fig. 2) . The NS1 protein would contain 668 amino acids, the VP1 protein would contain 727 amino acids and the VP2 protein would contain 584 amino acids. These correspond to Mr values of 73K, 80K and 64K respectively.
There is a 59 base reiterated sequence in FPV. 193 DNA which extends from nt 4509 to nt 4567 and nt 4568 to nt 4627. This sequence includes codons of the eight C-terminal amino acids of the capsid proteins. Another 61 base sequence located about 75 bases further downstream is sometimes repeated in other strains of FPV and CPV (Carlson et al., 1985; Reed et al. 1988) .
The nucleotide sequence homology between FPV. 193 and minute virus of mice (MVM) (data not shown) was estimated to be 68 ~o. Regions of these genomes which are highly conserved include about 1.2 kb (approximate nt positions 730 to 1910) in the region coding for NS1 ; a smaller conserved sequence of about 340 nucleotides (approximate nt positions 2270 to 2610) includes the region of the small intron and the coding sequence of the N terminus of VP1. There is also a high degree of conservation at the genomic termini (nt 1 to nt 114 and nt 4918 to nt 4983).
The amino acid sequence homology between proteins of FPV. 193 and MVM (data not shown) was estimated to be 72.9~ for NS1, 56.9~ for VP1 and 54~ for VP2. A 310 amino acid segment (aa 260 to aa 570) of NS1 which contains a high proportion of hydrophobic amino acids is highly conserved. A comparison between the capsid proteins VP1 and VP2 indicated conservation of some amino acid sequence unique to the VP1 protein (aa 1 to aa 87), and a lesser degree of conservation of amino acid sequence common to both capsid proteins (aa 169 to aa 496, aa 589 to aa 690). The N terminus of the VP1 protein contains a high proportion of basic amino acids and is predicted to interact with and stabilize the charges of the DNA molecule in the virion.
Comparison of the nucleotide sequences of FPV. 193, FPV. Carl (Carlson et al., 1985) and two strains of CPV (Reed et al., 1988; Rhode, 1985) and their amino acid translations (data not shown) enabled identification of base and amino acid differences between the four virus strains (Table 1) . The 3' non-coding nucleotide sequences differ at 10 bases. The NS1 nucleotide sequence differs at 26 bases which would result in 13 amino acid changes. The small intron contains two nucleotide differences. The VP1 nucleotide sequence differs at 49 bases which would result in 27 amino acid changes. The 5' non-coding nucleotide sequences differ at 28 bases. The total number of differences for the four virus comparisons is 115 bases and 40 amino acids. Only 31 of 4983 bases and nine amino acids are consistently different between strains of FPV and CPV.
The 68~ nucleotide sequence homology between FPV. 193 and MVM, and the location of FPV ORFs and regulatory sequence elements, indicate that the organization of the FPV genome resembles that of the MVM and H-1 parvovirus genomes. The left large ORF encodes a non-structural protein and the right large ORF encodes the two capsid proteins. None of the smaller ORFs is likely to encode an exon of a viral protein.
Although the 264 base ORF in the C strand of FPV RF DNA is preceded by the consensus donor (nt 525 to nt528) and acceptor (nt 1997 to nt2000) splice site sequences used in the production of a second non-structural protein NS2 for the MVM parvovirus (Jongeneel et al., 1986) , the codon usage curve (data not shown) suggests that this ORF in the FPV genome is non-coding sequence. Further evidence that the FPV genome does not encode NS2 is provided by immunoprecipitation studies using antiserum to bacterial fusion proteins containing MVM-specific amino acid sequences (Cotmore & Tattersall, 1986) which showed that an NS1 protein but not an NS2 protein could be precipitated from lysates of FPV-infected cells. The 420 and 306 base ORFs in the V strand are predicted to be non-coding sequences on the basis that only the V strand hybridizes to mRNA (Pintel et al., 1983) .
Features of the FPV. 193 genome include two promoters at m.u. 4 and m.u. 39, potential introns in both large ORFs, and a single polyadenylation signal at m.u. 94. By analogy with the functional promoters in rodent parvovirus genomes, which were identified by in vitro transcription of RF DNA fragments (Lebovitz & Roeder, 1986; Pintel et al., 1983) , the third consensus promoter sequence in the FPV. 193 genome at m.u. 30 
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would not function. Similarly there are consensus intron sequences in the FPV.193 genome at those sites confirmed as introns in the MVM genome (Jongeneel et al., 1986; Morgan & Ward, 1986) . FPV.193 has a potential large intron between nt 527 and nt 1998, and is predicted to have two alternative forms of the small intron in all three transcripts by splicing either nt 2274 or nt 2310 to nt 2383. The AAUAAA sequence at m.u. 94 is likely to be the polyadenylation signal for all mRNAs transcribed from FPV. 193 RF DNA because it has an associated secondary structure and the AAUAAA sequence at m.u. 31 occurs in the middle of the left ORF.
The observed Mr values of the FPV proteins NS 1, VP 1 and VP2 are 85K, 79K and 66K respectively (Mengeling et al. 1988) . Whereas the predicted and observed Mr estimates agree for FPV capsid proteins, the observed M, estimate for the FPV non-structural protein is significantly greater than the predicted value because extensive phosphorylation increases the actual Mr (Paradiso, 1984) .
Parvovirus genomes have characteristic tandem repeats in the 5' non-coding region. The two FPV and two CPV sequences analysed contained two copies of the first 59 nt repeat but variable copies of the second 61 nt repeat located about 75 nucleotides further downstream. One (this report; Rhode, 1985) , two (Cadson et al. 1985) and three (Reed et al., 1988) copies of this sequence have been reported. The significance of these two sets of direct repeats is uncertain. For FPV and CPV the conservation of the first repeat sequence suggests that it is essential for replication, whereas the difference in copy number of the second repeat implies one copy is adequate for this purpose. Proposals offered for this variation include optimization of packaging by adjusting the DNA length (Rhode, 1985) and enhancement of transcription (Astell et al., 1986) . A transcription effect seems doubtful, however, because no enhancer activity was detected in chloramphenicol acetyltransferase fusion plasmids containing this sequence (Rhode & Richard, 1987) .
Analysis of recombinant genomes of FPV and its host range variant CPV (Parrish et al., 1988; Parrish & Carmichael, 1986 ) and of MVM(p) and its tissue-specific variant MVM(i) (Antonietti et al., 1988; Gardiner & Tattersall, 1988a, b) has implicated the capsid proteins in host celt specificity. The 12 nucleotide and six amino acid substitutions differentiating the capsid proteins of FPV strains and CPV strains were identified independently in this study and in that of Parrish et al. (1988) . Part of the determinant of canine host range (m.u. 59 to m.u. 64 in the genome) detected by recombination mapping between FPV and CPV genomes (Parrish et al., 1988) contains five base mutations and four amino acid differences: Lys to Asn, Ile to Thr, Val to Ala and Gly to Asp. However only the two conservative changes Lys to Asn and Val to Ala differentiate between FPV strains and CPV strains.
The mechanism by which variants of FPV capsid proteins would permit infection of canine cells is speculative. Perhaps one or more of the six amino acids specific to CPV capsid proteins confers on them some affinity for a surface protein on canine cells. On the other hand, if FPV can bind to receptors on canine ceils in a fashion analogous to MVM(p) binding to lymphocytes (Spalholz & Tattersall, 1983) , then presumably these amino acid substitutions would permit interaction between capsid proteins and factors involved in uncoating or packaging of viral DNA within canine cells.
The role of mutations in the non,structural protein is also unknown. The three amino acid substitutions found in CPV strains identified in this study (Table 1) map outside the segments considered to function as an ATPase and a purine nucleotide-binding site (Anton & Lane, 1986; Astell et al., 1987) . The conservative substitutions His to Gin at aa 247 and Thr to Ile at aa 248 are located centrally in the amino acid sequence of the NS1 protein. The other conservative substitution His to Gin at aa 595 occurs at the hydrophilic C terminus of NS1, which contains about 77~ of all substitutions in NS1 observed between strains of FPV and CPV. In contrast, the majority of amino acid differences in the NS1 proteins of MVM(p) and MVM(i) cluster at the N terminus (Astell et al., 1986; Sahli et al., 1985) .
Factors in canine cells may recognize CPV-specific nucleotide sequences necessary for replication. Only five of the 13 non-coding base changes differentiating between FPV and CPV can be associated with a known viral function. These five base changes affect the stability of the Y-terminal hairpin involved in replication of FPV DNA. The stem of the hairpin is more stable in CPV DNA which has extended the palindrome of FPV DNA by 3 bp due to the extra nucleotides ATT (Fig. 3) . The loop of the hairpin is more stable in FPV DNA, which has perfectly paired 'arms', unlike CPV DNA with two unpaired G bases in one 'arm'. Nucleotide sequences at the 5' termini could not be compared because the FPV sequence was not available and the authenticity of the CPV sequence is not established. Reed et al. (1988) conceded that the CPV sequence may be duplicated in this region due to rearrangements in the recombinant plasmid or because of the high passage number of the virus in canine cells. It is possible that a mutation affecting the origin of replication in the 5' terminus of FPV DNA may have permitted it to replicate in canine cells.
